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A paleoreconstruction of the length and intensity of the rainy season over western Africa
has been recently proposed, using analysis of fossil mollusk shells from the Saloum
delta region, in western Senegal. In order to evaluate the significance of local long-term
reconstructions of precipitations from paleoclimate proxies, and to better characterize
the spatial homogeneity of rainfall distribution in northern Africa, we analyze here the
spatial representativeness of rainfall in this region, from seasonal to decadal timescales.
The spatial coherence of winter episodic rainfall events is relatively low and limited to
surrounding countries. On the other hand, the summer rainfall, associated with the
West African Monsoon, shows extended spatial coherence. At seasonal timescales, local
rainfall over the Saloum is significantly correlated with rainfall in the whole western half of
the Sahel. At interannual and longer timescales, the spatial coherence extends as far as
the Red Sea, covering the full Sahel region. This spatial coherence is mainly associated to
the zonal extension of the Inter Tropical Convergence Zone (ITCZ). Coherently, summer
rainfalls appear to be driven by Sea Surface Temperature (SST) anomalies mainly in the
Pacific, the Indian Ocean, theMediterranean basin, and the North Pacific. Amore detailed
analysis shows that consistency of the spatial rainfall coherence is reduced during the
onset season of the West African Monsoon.
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Introduction
The Sahel region in Western Africa is a semi-arid area located at the southern boundary of the
Sahara desert and covered by grassland, shrubs, and small, thorny trees. The term is often applied
to the whole region extending some 5000 km across Africa from the Atlantic coast to the Red Sea
and from the Sahara to the humid savanna at roughly 10◦N. The Sahel is also sometimes defined
as the area in which the mean daily rainfall is between 0.5 and 1.5mm, or in terms of annual mean,
between 200 and 600mm (Figure 1). In this study, as we focus on the western Africanmonsoon, we
define “Sahel” between the latitudes of 12 and 18◦N and extending eastward up to 20◦E (Figure 1).
It includes much of the countries of Mauritania, Senegal, Mali, Niger, Chad Burkina Faso, and
Nigeria. The climate variability over the Sahel region, which hosts about 70 millions of people, and
which surface is equivalent to Europe, has been extensively documented during the past decades.
Much attention is paid in particular to the monsoon season, which lasts from May to October
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FIGURE 1 | Annual mean of precipitation (shaded, mm/d) and surface
wind (vector, m/s). The blue rectangle shows the Sahel region defined in the
text and the small blue rectangle indicates the location of Saloum River Delta.
The 0.2 and 1.5mm/d isohyets are highlighted in gray contours.
north of the equator because of its crucial impact on agriculture
and public health. Many studies were in particular motivated by
the dramatic shift that the West African Monsoon (WAM) has
experienced from wetter conditions in the 1950s and 1960s to
much drier ones from the 1970s to the 1990s (e.g., Hulme, 1992;
Lamb and Peppler, 1992; Nicholson et al., 2000; Le Barbé et al.,
2002; L’Hôte et al., 2002; Dai et al., 2004). This drying is one of the
most significant droughts at the regional scale observed during
the twentieth century at a global scale (e.g., African Monsoon
and Multidisciplinary Analyses International Scientific Steering
Committee, 2005). Substantial variations of precipitations also
occur at much shorter time scales, from daily to intraseasonal,
with equally important consequences for the local resources (e.g.,
Sultan et al., 2005; Berg et al., 2009; Marteau, 2011).
The sub-seasonal, or intra-seasonal, rainfall variability during
the summer monsoon season results from complex interactions
between processes with various time and space scales (e.g.,
Diedhiou et al., 1999; Janicot et al., 2011). Intermittent regional
modes have been identified, which represent an envelope
modulating the occurrences of mesoscale convective systems
(Laing and Fritsch, 1993, 1997; Hodges and Thorncroft, 1997;
Mathon and Laurent, 2001). They are controlled on the one hand
by internal atmospheric dynamics; in particular the development
of synoptic scale African Easterly Waves (AEW; Reed et al., 1977;
Duvel, 1990; Thorncroft and Hoskins, 1994a,b; Diedhiou et al.,
1999; Kiladis et al., 2006) or synoptic scale Kelvin waves (Mounier
et al., 2007). Monsoon flux and convection are significantly
modulated by these waves (e.g., Fink and Reiner, 2003; Dieng
et al., 2014).
At the seasonal time scale, West African climate is very
sensitive to the continental surface boundary conditions
(Charney and Shukla, 1981). Zheng and Eltahir (1998) document
the impact of the vegetation distribution on West Africa
Monsoon (WAM) system. In particular, they detail the impact
of deforestation along the Guinean coast on surface net radiation
and the reduction of boundary layer entropy, leading to weaker
convection over the Sahel.
Although land surface processes might play a role also at
even lower frequency, oceanic forcing is the dominant driver of
the interannual to decadal WAM variability (Zeng et al., 1999;
Biasutti et al., 2008). The El Niño–Southern Oscillation (ENSO)
phenomenon (Janicot et al., 2001), the Atlantic Niño (Giannini
et al., 2003) and the Mediterranean Sea (Rowell, 2003) have been
identified to have an important impact on the WAM system
and possibly on its predictability (Ward, 1998) on interannual
time scales. Palmer (1986) suggested early a major influence of
ENSO on Sahel precipitation. The teleconnection mechanism
between the Tropical Pacific ocean andWest Africa during warm
ENSO events (El Niño) was explained with more details by
Rowell (2001): the interaction of atmospheric equatorial Kelvin
wave from the tropical Pacific with an off-equator Rossby wave
(response to the zonal SST gradient between the East Indian
Ocean andWest Pacific) increases the large-scale subsidence over
Africa. This weakens convective activity and thereby reduces the
monsoon flow over West Africa. Nevertheless, this relationship
is likely modulated by decadal variations of mean annual SSTs
(Janicot et al., 2001).
More generally, at interannual to decadal time scale, several
studies, including the pioneering works by Lamb (1978a,b) and
Hastenrath (1984, 1990), and more recent modeling studies
(e.g., Rowell et al., 1995; Vizy and Cook, 2002; Losada et al.,
2010; Mohino et al., 2011) highlighted the influence of Sea
Surface Temperature (SST) anomalies on precipitation variability
over the Sahel. There is yet a debate on the location of the
most important anomalies: Hoerling et al. (2006) attribute the
drying of the 1980s to the interhemispheric gradient in the
Atlantic Ocean, whereas Giannini et al. (2003) and Bader and
Latif (2003) emphasize the role of the Indian Ocean. Other
model studies indicated a relationship between changes in
land-use and precipitation (Charney, 1975; Paeth et al., 2005,
2009; Abiodun et al., 2008; Davin and de Noblet-Ducoudré,
2010). In any case, knowledge of the interannual to decadal
variability in the monsoon circulation is still quite limited
(Afiesimama et al., 2006; Maloney and Shaman, 2008). The
simulations of the fifth Coupled Model Intercomparison Project
(CMIP5) confirm results from previous generations of models
attributing a substantial role of anthropogenic emissions in
driving precipitation changes in the Sahel (Biasutti, 2013). They
also suggest that in a warming world, the WAM season may be
shifted toward the end of the year, as they report a drying spring
and wetting fall. Biasutti and Sobel (2009), Patricola and Cook
(2010) and Monerie et al. (2012, 2013) similarly found a robust
lag of the monsoon onset in the western Sahel together with
an increase of the precipitation at the end of the season in the
central African Sahel in the CMIP3 and CMIP5 climate models
ensembles.
Episodic winter rainfall events, known as ≪ heug ≫ or
≪ mango ≫ rain by the local population, also occur and
affect mainly Cape Verde, Senegal and Mauritania between late
October and March. These events are much less documented
than summer precipitations, as they concern much more
intermittent and weaker events. Nevertheless, they have had
dramatic consequences in the past, causing floods and deaths
among humans and cattle. A few studies based on observations
(Seck, 1962; Gaye et al., 1994; Gaye and Fongang, 1997;
Thorncroft and Flocas, 1997; De Félice, 1999; Knippertz and
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Fink, 2008) and models (Meier and Knippertz, 2009) found that
winter rainfalls are associated to an intrusion of high level cold
air masses from extratropics.
In spite of all these studies, the variability of Sahelian
rainfall is still poorly constrained, partly because of the
limited timespan of the instrumental record. In this regard,
paleoclimate reconstructions are often of great help to better
constrain the variability of poorly observed systems (Nicholson,
1994). However, there is a massive disequilibrium between
our knowledge of long-term climate variability in northern
continents and in Western Africa. Regarding the last 1000
years, several reconstructions of the northern hemisphere climate
trends were put together from thousands of records from diverse
archives, now yielding a relatively coherent picture of the past
thermal variations over this regions (e.g., Fernández-Donado
et al., 2013). Yet, only one marine coring site off the Senegal River
(Mulitza et al., 2008) is available to document environmental
changes during the last millennium in western Sahel. Using
geochemical records from the sediments of Lake Bosumtwi,
Ghana, Shanahan et al. (2009) proposed a reconstruction of
the natural variability of the African monsoon over the past
three millennia. Their study confirmed that intervals of severe
drought lasting for periods ranging from decades to centuries
are characteristic of the monsoon and are linked to natural
variations in Atlantic temperatures. In the Saloum region,
located on the Senegalese Atlantic coast (Figure 1) and highly
sensitive to changes in the evaporation-precipitation budget,
an exceptional opportunity for paleo-monsoon reconstruction
is offered by the presence of fossil shell middens that can be
used as high resolution archives (Azzoug et al., 2012a). Mollusks
indeed record in the geochemistry of their shells the surrounding
environmental conditions. Combining high resolution isotopic
records with tidal growth increments, Azzoug et al. (2012b)
showed that the duration of the rainy and dry seasons can be
quantitatively estimated in the Saloum Delta over the last ∼2000
years. While their work opens stimulating perspectives for the
investigation of the seasonality of the WAM in the past, the
relationship between local and regional rainfall variability needs
to be assessed before extending paleoclimate reconstructions in
the Saloum to the WAM in general. Precipitation is indeed
known to be a patchy feature with small spatial scale (e.g., Houze
and Cheng, 1977; Leary and Houze, 1979; Nicholson, 1995; Chen
et al., 1996; Rickenbach and Rutledge, 1998; Lebel et al., 2009).
Here, we propose to test the spatial representativeness of
precipitations measured locally over the Saloum Delta for the
whole Sahel region at seasonal to decadal time scales. There
is a strong east-west uniformity of climate and vegetation
conditions in the Sahel. This is well illustrated by the regular
zonal organization of the mean annual isohyets (Figure 1). The
spatial coherence of annual and decadal anomalies is also very
strong on the first order. Using 110 selected stations regularly
distributed in West Africa and covering the years 1933–1940,
Moron (1994) defined three main coherent regions at the peak of
the sahelian rainy season: a “continental” Sahel, a “western” Sahel
and a “Guinean” region, confirming previous analysis by Janicot
(1992) and Nicholson and Palao (1993). Fontaine and Janicot
(1996) later simplified this classification as they found that the
western and continental Sahel rainfall anomalies were of the same
sign for the majority of stations they analyzed. More recently,
east–west contrasts have also been noted at decadal timescales
(Dieppois et al., 2013) as well as at longer timescales, related to
the long-term trends in response to climatic forcing (e.g., Lebel
et al., 2009; Monerie et al., 2012; Biasutti, 2013).
For our analysis, we consider successively seasonal,
interannual, and decadal time scales of modern records of
precipitation over the region and we test how representative of
the regional monsoon variability these local precipitations are.
We also investigate the link of these local precipitation events
with large scale SSTs. Results are interpreted in the light of
present understanding of the dynamics of the WAM and heug
rainfalls.
Materials and Methods
Data
Our analysis is primarily based on the monthly Global
Precipitation Climatology Project (GPCP) version 2.2
(Adler et al., 2003; Huffman et al., 2009), which, under the
World Climate Research Program (WCRP) and the Global
Energy and Water Exchanges project (GEWEX), provides a
global coverage with satellite and gauge information at 2.5◦
resolution. More details about the dataset can be found at
ftp://precip.gsfc.nasa.gov/pub/gpcp-v2.2/doc/V2.2_doc.pdf. We
use the monthly data over the period [1979–2012].
In order to validate the robustness of our results, we use both
the Tropical Rainfall Measuring Mission (TRMM) precipitations
and records from two rain gauges located in the Saloum
River Delta. In this study, TRMM precipitations version 3B42
(Huffman et al., 2007; Liu, 2015) are used, they contain output
from the TRMM Algorithm 3B42 that are merged high quality
(HQ)/infrared (IR) precipitation and root-mean-square (RMS)
precipitation-error estimates. The output is given over 0.25× 0.25
degree grid boxes daily. More details of the algorithm can
be found here: http://trmm.gsfc.nasa.gov/3b42.html. We use
the monthly data over the period [1998–2012]. Rain gauge
data set was made available by the Regional Centre for the
Improvement of Plant Adaptation to Drought (Centre Régional
pour l’Amélioration de l’Adaptation à la Sécheresse (CERAAS),
Salack et al., 2011). Two rain gauges located in the vicinity of
the Saloum River Delta ([14.5◦W-14◦N and 15◦W-14.2◦N]) were
averaged andmonthly data are used over the period [1979–2010].
Previous results have shown that GPCP and TRMM
precipitation datasets have similar distribution patterns over the
Tropics in spite of some differences in amplitude and location
(Rui and Yunfei, 2005). Results show in particular that GPCP
tends to underestimate the monthly precipitation over the land
region with sparse rain gauges in contrast to regions with a higher
density of rain gauge stations. The absolute bias between the two
data sets is however less than 10% while the rain rate is less than
10mm d−1.
The large-scale circulation and dynamics in the atmosphere
and ocean surface associated to the precipitation variability are
also investigated. For this, we use wind, geopotential height
and outgoing longwave radiation (hereafter OLR) data from the
Frontiers in Earth Science | www.frontiersin.org 3 June 2015 | Volume 3 | Article 30
Wade et al. Variability of Saloum Delta rainfalls
operational analysis of the National Centers for Environmental
Prediction (http://www.esrl.noaa.gov/psd/data/) at 2.5 × 2.5◦
latitude–longitude horizontal resolution (Kalnay et al., 1996).
Monthly OLR data are used over the period [1979–2012] to
analyze rainfall events in terms of atmospheric convection.
Indeed more convective activity implies higher and colder cloud
tops, which emit less infrared radiation into space. Hence,
negative OLR anomalies indicate enhanced moist convection.
Several evidences have already shown that OLR is a powerful
proxy for the WAM onset (e.g., Fontaine et al., 2008). Finally, we
used the Hadley Centre Global Sea Ice and SST (HadISST) dataset
version 1.1 (Rayner et al., 2003), which is a monthly dataset
of 1◦ × 1◦ spatial resolution covering the period from 1870 to
present.
Data Processing and Time Scale Filtering
In this study, we focus on the rainfall variability over the Saloum
Delta and the Sahel regions respectively (Figure 1). The first
region corresponds to the very small domain defined the 1◦ ×
1◦ region [16◦W-17◦W; 14◦N-15◦N]. The second one is more
regional, and corresponds to the average over the region [18W-
20◦E; 12◦N-18◦N]. Averages over these to regions define the
Saloum rainfall index and the Sahel rainfall index respectively.
Unless stated otherwise, we focus on two seasons. First, winter
is defined here by the months January-February-March (JFM).
Precipitation over the Saloum delta and the Sahel region are
much more sporadic during this season. Nevertheless, the so-
called “heug” rainfalls may have important local consequences
and may also appear in paleo-records. The summer is then
defined here by the months July-August-September. This is
the monsoon season, during which rainfalls are most intense.
Given the suggested sensitivity of the onset and demise seasons
to external forcing (Biasutti and Sobel, 2009; Patricola and
Cook, 2010; Monerie et al., 2012, 2013; Biasutti, 2013), and the
sensitivity of the Saloum paleoclimate proxy to the duration of
the rainy season (Azzoug et al., 2012b), we will also pay special
attention to the onset and demise season defined over the months
June-July (JJ) and September-October (SO) respectively.
In practice, the seasons defined above are retrieved from
the whole dataset, linearly detrended and band-pass filtered
in order to distinguish seasonal, interannual and decadal time
scales: the seasonal band is isolated by applying a high-pass
filter to the monthly data from the corresponding season with
a cutoff frequency of 3 months. This is not the canonical
definition of the seasonal timescale found in the literature
because we use monthly data. However, our results show that it
carries information significantly different from the interannual
timescale. The interannual variability is extracted by considering
3-month averages for JFM and July-August-September (JAS) and
a high-pass filter with a cutoff frequency of 8 years is applied to
filter out the decadal variability. We also use 2-month averages
for the specific case of the onset JJ and demise SO of the WAM.
Finally, a lowpass filter is applied with a cutoff frequency of 8
years in order to capture the decadal variability and filter out
the interannual variability. Decadal variability is not analyzed for
the winter season due to the very intermittent character of winter
events, as shown below.
For each time scale, regression between the normalized
Saloum rainfall index and other variables are calculated.
These regressions are computed as the covariance between the
normalized index and specific variables, and are thus given in
units of the given variable. This tool was preferred to correlations
as it gives an indication of the amount of signal associated to
the process under investigation. Significance of the regressions is
tested with a bootstrap procedure (Monte Carlo technique). This
procedure consists in randomly re-sampling the rainfall index
to re-compute the regression. This is done a large amount of
times so as to define the noise level. We show results that are
significant at the 95% level, after 500 permutations. Monte Carlo
simulation methods are especially useful in studying systems
with a large number of coupled degrees of freedom, such as
fluids.
Validation of the Rainfall Indexes
We first show the time evolution of rainfall averaged over
the Saloum region during the period 1979–2012 for GPCP,
1979–2010 for the rain gauge and 1998–2012 for TRMM data
respectively and for all seasons defined by 3 months averages
(Figure 2, Top panels). Since the amount of winter rainfall is
much smaller than summer rainfall, we represent the seasons
running from October to May (Figures 2A,C) and the ones
running from April to November (Figures 2B,D) separately,
using two different color scales. The ratio among the scales
indicates that summer events are of the order of 20 times
larger than the winter events. This ratio holds for all three data
sets, GPCP, the rain gauge and TRMM. The panels highlight a
strong variability for summer and winter. In winter, important
rainfall events are detected in 1993–1994 and in 2001–2002
(up to 0.2mm/day) while practically no rainfall was detected
between December and March from 1982 to 1990. In summer,
precipitations are typically of the order of 6–8mm/day in JAS,
with substantial interannual variations. The monsoon season was
particularly intense in 2000, in 2003 and in 2009, and it was
particularly weak in 1983, 1991, 2002, and 2006.
For both seasons, and from 1998 onward, this variability is
consistent in all three data sets. In summer, we note a slight shift
in the 1999–2000 maximum: TRMM records a slightly weaker
maximum, occurring in 2000 rather than 1999. The rain gauge
records in fact two maxima, one in 1998 and one in 2000. TRMM
also presents lower values by roughly 1mm/d for the 2003
maximum while the rain gauge values are stronger by 1mm/d as
compared to the GPCP data. Note that this comparison between
TRMM and GPCP differs from the results of Rui and Yunfei
(2005) who rather found that GPCP tends to underestimate land
precipitations as compared to TRMM. This could be due to the
fact that we use here updated version of the two datasets. The
difference in extreme values between the rain gauge and the
GPCP might simply be due to the fact that the GPCP data set
is based on objective analysis of station data which might have
led to a smoothing of extreme values. Note that the winter event
in 2002–2003 is on the other hand rather stronger in the GPCP
as compared to the rain gauge records.
Figure 2 (bottom panels) shows the seasonal anomaly of
these rainfall time series. The climatology is defined over the
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FIGURE 2 | Time evolution of the rainfall (shaded) in the Saloum
region during winter for (A) the rain gauge and (C) for GPCP
precipitation and during summer for (B) the rain gauge and (D)
for GPCP precipitation. TRMM precipitations are shown in contours
in all four panels. The vertical axis of the plot shows the different
seasons of the year. Left Panels are centered over the winter season
and right panels over the summer season, with adapted color scales.
(E,F) Show GPCP precipitation anomalies, during winter and summer,
respectively, calculated with respect to the seasonal cycle over the
reference period 1979–2012. Anomalies averaged for the whole Sahel
region computed over the same period with GPCP are superimposed
in green contours.
period [1979–2012] for GPCC and [1998–2012] for TRMM.
The coherence of both time series is confirmed. TRMM slightly
underestimates the winter maximum of 2001–2002 as compared
to GPCP. This might be due to the length of record used to
calculate the climatological mean (1979–2012 for GPCP and
1998–2012 for TRMM). Regarding the summer season, the
temporal shift of 1999–2000 is again detected. The negative
anomalies rainfall observed in 2007 in GPCP product reach their
maximum value in 2006 in TRMM product. Beyond these slight
differences, both precipitation records are rather consistent,
as also discussed by Rui and Yunfei (2005) and give similar
results in the analysis that follows. Therefore, and because of
its longer temporal coverage, we focus on the GPCP data set
in the following. Figure 2 (bottom panels) also shows that in
general, the temporal sequence of rainfall anomalies over the
Saloum region is not fully coherent with that of the whole Sahel
region and especially during winter. Strong winter rainfall signal
like in 2002 is clearly visible on the Saloum average but not in
the Sahel region. On the other hand, winter rainfall events are
detected in 1980, 1985, and 1995, but they are largely absent
from the Saloum record. In summer (Figure 2D), the agreement
is stronger, although some temporal shifts also exist. This pre-
analysis thus indicates that rainfall events over the Saloum region
and over the whole Sahel region are not equivalent. In the
following, we investigate more precisely the spatial and temporal
domains over which Saloum rainfall are representative, and the
associated mechanisms.
Winter Rainfall Structure
We examine here the spatial pattern associated with winter
rainfall events over the Saloum region. For this, regression maps
of precipitation over the eastern tropical Atlantic and western
African continent with the Saloum rainfall index are represented
for time scales from seasonal to interannual (Figure 3). At
seasonal time scales (Figure 3, top), winter rainfall events over
the Saloum region are significantly correlated with rainfall events
over the Senegal and the southwestern half of Mauritania. This
pattern extends over the ocean toward the southwest until
roughly 20◦W and 7◦N. Such northwest/southeast orientation
for heug precipitation events is consistent with results from
previous studies (Gaye and Fongang, 1997). In spite of small
areas of significant regressions further east, the regression pattern
generally does not extend over the whole Sahel region, as also
found by Thorncroft and Flocas (1997), Gaye and Fongang
(1997) and De Félice (1999).
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FIGURE 3 | Spatial regression (in mm/day) in winter (JFM) between
Saloum rainfall and rainfall over the rest of the domain for (A)
Seasonal, (B) Interannual time scale. Green contours delimit areas where
the regression is significant at 95% level using a Monte Carlo simulation. Gray
contours represent the mean (JFM) climatological rainfall (mm/d).
At interannual time scales, Saloum winter rainfall is also
significantly correlated with adjacent areas in Senegal and the
southwest Mauritania, but additionally, the pattern extends
slightly eastward along the border between Mali and Mauritania
as compared to higher frequencies. Interestingly, over the ocean,
significant positive regressions are also found along about 10◦N
far to the west, and reach values of about 0.5 near Africa, right
at the northern edge of the seasonal mean rainfall associated to
the Inter Tropical Convergence Zone (ITCZ). This may indicate
that interannual variability of heug events is associated with
anomalous northward position of the eastern marine ITCZ. Yet,
given that correlations over the oceanic extension amount 0.5
(not shown), this phenomenon could account for only about 25%
of the winter Saloum winter rainfall variance.
In order to gain understanding on the dynamical origin
of these winter rainfalls, we calculate the regression of the
Saloum rainfall index with the OLR, the surface wind and the
geopotential height at 400mb (Figure 4). At seasonal timescales,
it is found that, land OLR regressions values are always negative
with maxima around the Saloum region. As expected, it indicates
that local precipitation is associated with cloud cover increase
and enhanced atmospheric moisture. Furthermore, anomalous
upper level geopotential height shows an anomalous low over the
adjacent ocean, associated with a quasi-stationary disturbance of
the mean distribution of the geopotential in the mid-latitudes.
Over the Sahara, the southward extension of high pressures from
the extratropics confirms the role of intrusions of air masses
from the North in setting the winter rainfalls over the western
Sahel region, as noted already by Seck (1962). At low-level,
FIGURE 4 | Regression maps in winter (JFM) between Saloum rainfall
index with OLR (shaded, W/m²), geopotential height at 400hPa (red:
positive and blue: negative contours, m) and 400hPa winds (vectors,
m/s) for: (A) Seasonal; (B) Interannual time scale. Gray contours delimit
areas where the OLR is significant at the 95% level using a Monte Carlo
simulation.
moist southerlies enter the area. This situation favors the creation
of unstable air mass and convective dynamics (Knippertz and
Martin, 2005). At interannual timescales, anomalous OLR is
mostly significant over the oceanic band. It is enhanced on
the northern edge of the mean ITCZ and reduced on the
southern edge, thereby confirming a northward shift of the
eastern marine ITCZ. Locally, as for seasonal timescale, an upper
level cyclonic disturbance is located to the west of the african
continent while a poleward transport of tropical moisture is
found at low-levels. Note that because of our use of monthly
mean values, the anomalous geopotential structures found both
at seasonal and interannual timescales are not significant at the
95% level. Nevertheless, the dynamical elements are consistent
with previous comprehensive studies of Knippertz and Martin
(2005), Meier and Knippertz (2009) and Knippertz and Fink
(2008), primarily based on single case-studies. To our knowledge,
this is the first time that these mechanisms are described at lower
frequencies.
Monsoon Rainfall Structure
Sumer Rainfall
We examine now the regression between Saloum rainfall index
and rainfalls over the tropical Atlantic and adjacent african
land during the season of the WAM. At seasonal time scales
(Figure 5), regressions are positive, greater than 0.5mm/d and
statistically significant up to Niger and Chad. This homogeneous
regression over the Sahel region is similar to the results of Janicot
et al. (2011, their Figure 5 at lag 0) computed from a Sahel index.
Note however that this latter study uses daily data and thus
includes shorter time scales than the one displayed here.
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FIGURE 5 | Spatial regression (in mm/day) in summer (JAS) between
rainfall in the Saloum region and over the rest of the domain for (A)
Seasonal, (B) Interannual, and (C) Decadal timescale. Green contours
delimit areas where the regression is significant at 95% level using a Monte
Carlo simulation. Gray contours represent the mean climatological (JAS) rainfall
(mm/d).
At interannual time scale, the significant regression pattern
extends zonally eastward over the whole Sahel region up to
eastern Africa, as well as westward over the Atlantic ocean. This
is associated with the signature of the WAM at this time scale.
Similar results are found for the decadal time scale, with more
extended significant regressions over the adjacent ocean, until
40◦W roughly and over the Mediterranean basin. At the sahelian
latitude, a striking signal is observed above the tip of eastern
Africa, where regressions are strongly negative. Decadal rainfall
variability in Sahelian West Africa seems thus more out of phase
with east-Africa than with the Gulf of Guinea area.
These results indicate that precipitation variability measured
over the Saloum Delta are largely representative of the variability
found over West Africa at seasonal timescales, and of the whole
Sahel region at interannual and decadal scales. At all frequencies,
the anomalous tropical precipitations are located at the northern
edge of the mean ITCZ. This is confirmed on Figure 6 that
FIGURE 6 | Regression maps in summer (JAS) between Saloum rainfall
and OLR (shaded, W/m2) and surface winds (vectors, m/s) for: (A)
Seasonal, (B) Interannual, and (C) Decadal time scale. Gray contours
delimit areas where the regression is significant at the 95% significance level
using a Monte Carlo simulation.
displays regression of OLR and surface winds on the summer
Saloum rainfall index. At seasonal time scale, OLR exhibits a
negative anomaly around Senegal, South of Mauritania andWest
of Mali (Figure 6A), suggesting deep atmospheric convection.
This pattern is associated with a convergence of surface winds.
This and the limited scale of the anomalous OLR pattern, indicate
clearly that the seasonal rainfall anomalies are due to meso-
scale convective systems. At interannual and decadal timescales,
the convective signal extends further east over the Sahel region.
Regressions are significant until as far as 15◦E, from about 10
to 20◦N roughly. Significant regressions are observed over the
ocean, consistently with the precipitation structures described in
Figure 5. It is interesting to note a clear reduction in the intensity
and extension of the negative OLR pattern from interannual
to decadal scales which was not expected from the rainfall
regression patterns. These findings show that at these time scales,
rainfalls in the region are spatially coherent and are associated to
large-scale atmospheric convection (ITCZ).
Onset and Demise of the Rainfall Season
In this section, we focus on the months leading in and out
of the rainy season. Biasutti and Sobel (2009), Monerie et al.
(2012) and Biasutti (2013) have indeed noticed a drying trend
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of the rainy season over the past decades, consistently with
observations, in the CMIP3 models and the CMIP5 models, but
also a delay in the rainy season in the future, with negative
trends in the onset months (June–July, hereafter JJ) in particular
over the western Sahel and positive trends in the demise months
(September–October, hereafter SO) in the central Sahel (Biasutti,
2013). Although the topic has received some attention over the
last years, including works on the predictability of the onset
and demise dates (e.g., Laux et al., 2008) and association with
atmospheric dynamics (Sultan and Janicot, 2003), these two
seasons are less studied than the fully developedmonsoon period.
Figure 7 shows the spatial coherence of Saloum rainfall during
the onset and demise season at seasonal to decadal timescales.
In June-July, Saloum precipitations are significantly correlated
with regions locally confined over western Africa (Senegal and
eastern Mali) and adjacent ocean. A few areas in the Central
Sahel also show significant regressions. These patterns strongly
resemble those obtained for winter rainfall variability (Figure 3),
indicating a possible connection between winter rainfall season
and the onset season. Although still significant over the western
Africa, spatial regressions at decadal timescales on the onset
season are not representative of any larger scale signal. No
significant regression is found over the adjacent ocean. Regarding
the end of the rainy season however, strong longitudinal and
meridional coherence of rainfall over the whole Sahel region is
obvious in Figure 7 at seasonal to decadal timescales. During this
period, the WAM is in its southward displacement stage but still
located in the Sahel, and zonal coherence of rainfall in the Sahel is
therefore expected. These structures are similar to those obtained
by Biasutti (2013) regarding the future trends of the onset and
demise seasons: the onset of theWAM is more associated to local
processes, while, when established, the monsoon events seem to
enter its demise stage with an extended spatial coherency, which
is observed at all timescales.
Oceanic Forcings of the WAM
Many studies have shown that the WAM over the Sahel region is
associated with phenomena in neighboring regions, in particular
the Mediterranean basin and the Tropical band over the Atlantic
Ocean, but also the Pacific Ocean the Indian sub-continent and
the African land. These teleconnections are found to be active
from intraseasonal to multidecadal timescales (e.g., Lamb and
Peppler, 1992; Janicot et al., 1998; Ward, 1998; Giannini et al.,
2003; Losada et al., 2010). More specifically, several studies have
focused on SST-driven variability of Sahel rainfall (e.g., Hoerling
et al., 2006; Hagos and Cook, 2008; Caminade and Terray, 2009;
Mohino et al., 2010; Rodríguez-Fonseca et al., 2011). Many
significant links have been found, especially at seasonal to decadal
timescales, and it has also been shown that, these teleconnections
might evolve with time: for example, the sign of the regression
FIGURE 7 | As for Figure 5 but for June–July (JJ, A–C) and September–October (SO, D–F).
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between SST anomalies in the equatorial Atlantic and in the
Pacific has changed after the 1970s (Rodríguez-Fonseca et al.,
2009).
In order to deepen our analysis of the relationship between
the Saloum and the Sahel summer rainfalls, and to further gain
confidence in the spatial coherency of summer precipitation
patterns over Saloum with the WAM, we now investigate
SST anomalies associated with precipitation anomalies over the
Saloum region.
We propose an overview of similarities and differences
between the SST patterns driving rainfalls locally and regionally
respectively. Note nevertheless that distinguishing precisely
among the different modes of variability is a complex topic that
requires specific analysis (e.g., Mohino et al., 2010) and is beyond
the scope of our study.We concentrate on theWAM season since
no link between SST variability and the heug rainfall has been
found (Seck, 1962; Meier and Knippertz, 2009). Figure 8 shows
lagged-regression maps between the JAS Saloum rainfall index
and global SSTs during the same season.
The SST regression maps associated to summer precipitation
over the Saloum at seasonal time scale are patchy for negative
lags. Significant anomalously warm SST anomalies are found in
all tropical basins during the months preceding the precipitation
signal but correlation values are rather weak (not shown). This
structure is largely consistent with SST regressions over the Sahel
index (not shown), although the tropical Pacific signal is stronger
here. At lag zero however, a signal similar to the intraseasonal
projection of the summer North Atlantic Oscillation (NAO,
Keeley et al., 2009; Bladé et al., 2012) appears in the north Atlantic
and is significant off North America, suggesting that seasonal
variability over west Africa (see Figure 5) is linked to that of the
northern Atlantic basin.
At interannual time scale, the SST structure leading
anomalous summer precipitation over the Saloum shows more
spatial coherency: significant anomalously warm SSTs are found
mainly over the tropical southern Atlantic and the subtropical
North Atlantic basin with an extension over the Mediterranean
basin. Interestingly, no significant anomalies are found in the
northern tropics, at the latitude of the Saloum. These structures
are again very consistent with those obtained from the Sahel
index except that signals in the Atlantic are much stronger
and slightly shifted to the west in the Saloum case. Warm
anomalies are also found in the western equatorial Pacific
and they extend poleward above up to 30◦ of latitude. Areas
of negative regressions are found in the eastern equatorial
Pacific indicating that at this time scale, El Niño (La Niña)
events are typically associated with reduced (enhanced) WAM
seasons a couple of months later. These anomalies are again
very consistent with regressions using the Sahel rainfall index,
but the areas of statistical significance are smaller here. The
dominant influence of the tropical Pacific on the variability of the
WAM at interannual timescales as indeed been shown in many
studies (e.g., Giannini et al., 2003; Mohino et al., 2010; among
others).
FIGURE 8 | Lagged regression maps at different time scales of Saloum rainfall index and SST during summer (JAS). Units of the color scale are K.
Contours show area where regressions are statistically significant at the 95% level using a Monte Carlo simulation.
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Here, we confirm a similar mechanism driving the rainy
period locally over the Saloum Delta. In phase with the Saloum
precipitation, significant SSTs anomalies are primarily found in
the western Pacific, the northern tropical and the equatorial
Atlantic. Lamb (1978a) and Vizy and Cook (2002) show a dipole
pattern of precipitations in the Sahel and the Gulf of Guinea
in which enhanced precipitations are associated with negative
SST anomalies in the Equatorial Atlantic. It has recently been
shown that, the sign of SST anomalies in the equatorial Atlantic
associated to enhanced precipitation in the Sahel depends on
the time period of analysis which opened the question about the
non stationarity of the link between SST and precipitation (e.g.,
Rodríguez-Fonseca et al., 2011).
At decadal timescales, finally, precipitations over the Saloum
regions are associated with warm oceanic anomalies over the
tropical and subtropical Atlantic basin, the Indian Ocean and
theMediterranean basin. These findings confirm previous results
regarding the influence of the Atlantic Multidecadal Oscillation
(AMO, e.g., Folland et al., 1986; Rowell et al., 1995; Knight
et al., 2006; Zhang and Delworth, 2006; Ting et al., 2009), the
Interdecadal Pacific Oscillation (IPO, e.g., Mohino et al., 2010)
and the Indian Decadal Variability (IDV, e.g., Bader and Latif,
2003; Giannini et al., 2003; Lu and Delworth, 2005; Mohino et al.,
2010).
Conclusions
Azzoug et al. (2012b) recently opened promising perspectives
with a new technique to quantitatively reconstruct the monsoon
variability as well as the duration of the rainy and dry seasons
in the Saloum Delta over the past millennia. Their methods are
aimed at assessing the natural variability of the WAM over long
periods. However, such generalization may deserve some care
since precipitations are known to have patchy features with small
spatial scale (Houze and Cheng, 1977; Leary and Houze, 1979;
Nicholson, 1995; Chen et al., 1996; Rickenbach and Rutledge,
1998; Lebel et al., 2009). In this study, we show how the local
Saloum rainfall is coherent with the regional Sahel rainfall at
seasonal to decadal time scales. Results show that at seasonal time
scale, the winter Saloum rainfalls known as “heug” or “mango”
rainfalls, are not coherent over the whole Sahel region. It is
representative of a limited area over western Africa, including
Senegal, southern Mauritania and western Mali, and the oceanic
regions adjacent to Senegal and Guinea. A slight increase of this
domain is found at interannual time scale, in particular over the
ocean where the signal seems to reveal a northward shift of the
ITCZ. At all time scales, precipitations in winter are associated
with an upper level anomalous cyclonic circulation to the west
of the precipitative area and low level winds from the tropics
potentially transporting moisture, and favoring convection. This
is consistent with previous studies, which rather focus of specific
case-studies.
During summer, Saloum rainfalls are more intense, and more
coherent at the regional scale. At seasonal time scales, statistically
significant regressions are found over the whole western half of
sahelian Africa, including Niger. This finding is similar to the
results of Janicot et al. (2011) computed from a Sahel index.
At interannual time scale, significant regressions encompass
the whole sahelian band, and even extend westward over the
ocean. Regressions increase at decadal time scale over the Sahel
region. These results suggest a good consistency between Saloum
and Sahel precipitation events during the monsoon season and
tend to support the regional significance of local paleoclimate
reconstructions in the Saloum.
Furthermore, in order to further deepen our understanding
of the connection of the Saloum rainy season and the WAM,
we have diagnosed the links between SST anomalies and
Saloum rainfalls during the WAM season by computing lagged-
regression maps between the JAS Saloum rainfall index and
global SSTs during the same season. At seasonal time scale,
significant warm SST anomalies in the vicinity of the Saloum
Delta are detected during the months preceding the precipitation
signal, suggesting that local SSTs can play a role. Very weak
SST signal can be seen over the equatorial Atlantic leading
the seasonal Saloum rainfall variability. A horsehoe-like SST
pattern in the North Atlantic in phase with the rainy season
may be indicative of an influence of the NAO. These structures
are largely consistent with SST regression over the Sahel index
(not shown). At interannual time scale, precipitations over the
Saloum region are typically associated with ENSO events in the
tropical Pacific and warm anomalies over the equatorial and
North tropical basins. At decadal time scale, AMO, IPV and
possibly global warming are potential drivers of the Saloum
rainfall variability, consistently with previous studies dedicated
to the WAM.
On the other hand, analysis for the months of JJ and SO
showed different behaviors for the onset and demise of the
monsoon season. In June-July, precipitations in the Saloum
region are significantly correlated with closely surroundings
regions (Senegal and eastern Mali) but are not representative of
the whole Sahel region. Nearly similar patterns were obtained
during winter, indicating a possible connection between winter
rainfall season and the onset season. Interestingly, as opposed to
findings for other seasons, the spatial extent of the significant
regression region tends to decrease at lower frequencies,
suggesting that the decadal scale modulation of the early-WAM
precipitation over the Saloum delta are local events. Regarding
the termination of the rainy season, on the other hand, strong
coherence is found over the whole Sahel region at seasonal to
decadal time scales, consistently with results found for the fully
developed WAM season.
Our study provides a framework for a more robust and
accurate interpretation of recent paleoclimate proxies proposing
a reconstruction of the monsoon seasonality in western Sahel.
Our results show that proxy reconstructions of the monsoon
season and its termination can generally be extrapolated to the
Sahelian band. Furthermore, as indicated in the introduction,
another proxy reconstruction of African rainfall has been
proposed by Shanahan et al. (2009) from a sediment core taken
in the lake Bosumtwi, Ghana. This location is further east and
south than the Saloum Delta, and rainfalls are thus subject to
different dynamics. Extension of the present study to this location
may also be needed for a more accurate interpretation of this
record. We emphasize that the spatial scale is also a crucial issue
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for applications such as crop yields or water resources. More
generally, our study turns to the question of regionalization of
the WAM region and downscaling (Paeth et al., 2011). Further
work is, indeed, needed in order to better understand the regional
coherence of the different phases of the WAM over the whole
domain.
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